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Abstract
The rich set of data collected from HERA, Tevatron and LHC collisions oﬀer an extraordinary possibility to test
diﬀerent aspects of perturbative Quantum Chromodynamics. A selection of recent results illustrates the variety and
precision of these tests. The comparison of the experimental data with the most recent theoretical predictions demon-
strates the advances made in the theoretical ﬁeld.
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1. Introduction
The data presently available from hadron and lepton-
hadron colliders oﬀer the unique opportunity to test per-
turbative Quantum Chromodynamics (pQCD) in a new
kinematic regime, spanning over many energy scales
and in a variety of production modes: electron/positron-
proton (ep), proton-antiproton (pp) and proton-proton
(pp) collisions. Experimental tests of pQCD are a fun-
damental ingredient to understand and verify the strong
sector of the Standard Model. Moreover the level of un-
derstanding of pQCD and modeling of hadronic physics
has direct impact both on precision measurements and
on searches for new signals. For instance, the largest
systematic uncertainties on the Higgs boson cross sec-
tion measurement are due to neglected high orders in
perturbation theory (scale uncertainties - 8%) and to un-
certainties on the Parton Distribution Functions (PDF -
8%) [1]. Jet production or jets in association with vec-
tor boson production often constitutes large background
processes to searches of new signals or to electro-weak
or top-related measurements. Therefore a precise mod-
eling of these processes in a variety of topologies and
kinematic ranges increases our capabilities for discov-
ery.
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The abundance of newly available results calls for a
selection. The selected results shown in the following
are chosen to both give an overview of the diﬀerent as-
pect tested in pQCD and to show the impressive preci-
sion that the experimental measurements reached.
This paper is organized as follows. A brief summary
of the experimental apparatus (accelerators and detec-
tors) related to the results discussed here is given in sec-
tion 2. Sections 3, 4, 5 and 6 treat selected results on jet
cross section, recent advances on PDF and αs measure-
ments and boson production. The total proton-proton
cross section measurement at
√
s = 7 TeV is discussed
in section 7. The summary is given in section 8.
2. The experimental apparatus
The measurements presented here were obtained with
data collected at three colliders: HERA, Tevatron and
Large Hadron Collider (LHC) [2]. The HERA ac-
celerator operated in the period 1992-2007 colliding
electrons/positrons with protons at a center of mass
energy between 225 and 319 GeV. The two detec-
tors located at the interaction points of this accelera-
tor, ZEUS [3] and H1 [4], collected an integrated lu-
minosity of 0.5 fb−1/experiment. Tevatron operated be-
tween 1987 and 2011 colliding protons with antipro-
tons at
√
s = [1.8,1.96] TeV. The total integrated lu-
minosity collected by the D0 [5] and CDF [6] experi-
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ments, located on the Tevatron ring, amounts to about
10 fb−1/experiment. LHC started operation in 2009 and
completed the ﬁrst data acquisition period in 2012 col-
lecting proton-proton interactions at
√
s = 7 and 8 GeV.
The two general purpose experiments installed at the
LHC are ATLAS [7] and CMS [8]. The total integrated
luminosities collected by each experiment at
√
s = 7 and
8 GeV are about 5 fb−1 and 20 fb−1 respectively. The
variety of experimental conditions and the diﬀerences
in the detector technologies and analysis procedures, al-
low many aspects of pQCD to be tested.
3. Jet cross sections
Collimated jets of hadrons emerging from hadron
collisions are the experimental evidence of gluon and
quark productions. The high center of mass energy
of the LHC collisions allows to study jet production
in yet unexplored kinematic ranges, up to the TeV
scale. The need to establish a correspondence between
observables predicted at parton level and measurements
executed at hadron level requires the use of an infrared
and collinear safe jet algorithm. Commonly used jet
algorithms with these characteristics are the anti-kt [9]
and inclusive kt [10] algorithms. Unless otherwise
stated, the results presented here are obtained with one
of these jet algorithms.
CMS and ATLAS studied the inclusive, di-jet, three-jet
and multi-jet diﬀerential cross sections in many kine-
matic ranges. Many measurements are also obtained
with jets measured with two jet radii. The results
are compared to predictions obtained at diﬀerent
perturbative orders and using diﬀerent PDFs. All these
measurements show that pQCD at NLO provides a very
good overall description of jet production.
One of the most inclusive jet cross section mea-
surement [11, 12], shown in ﬁgure 1, is the double-
diﬀerential jet spectra for jet radius R=0.7 measured
with the CMS detector from pp collisions at
√
s = 8
TeV for pT values varying from 21 GeV up to 2 TeV
and rapidity ranging from −4.7 to 4.7. The jet cross
section measurement is extended in the low pT region
with a data sample of 5.8 pb−1 collected with low
pile-up conditions. This measurement is compared to
NLO pQCD predictions corrected for non-perturbative
(NP) eﬀects such as multi-parton interactions and
fragmentation eﬀects. The NLO QCD predictions are
obtained with NLOJET++ [13] and using NNPDF2.1
PDF set [14]. The cross section spans eleven orders
of magnitude with an agreement between data and
predictions well within the systematic uncertainties.
The Jet Energy Scale (JES) uncertainty dominates
the experimental uncertainty, while the theoretical
uncertainty is dominated by the PDF uncertainty.
The inclusive jet cross section measurement is also
compared with theoretical predictions obtained with
diﬀerent PDF sets: CT10 [15], MSTW2008 [16],
HERAPDF1.5 [17] and ABM11 [18] each at NLO
evolution order. The low pT range is well described by
all PDF sets with the only exception of ABM11 one;
the pT spectra above few hundred GeV is in agreement
only with predictions based on CT10 and NNPDF2.1
sets.
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Figure 1: Combined diﬀerential inclusive jet cross section as a
function of the jet pT and in bins of rapidity as obtained by the
CMS collaboration [11, 12]. Open (ﬁlled) markers represent
measurements obtained with low (high) pile-up data.
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Figure 2: Three-jet double diﬀerential cross section as a func-
tion of mj j j and binned in |Y∗| measured by the ATLAS col-
laboration [19].
Contrary to inclusive jet cross section spectra, multi-
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jet cross section spectra are sensitive not only to the
jet pT but also to the jet angular distributions. A re-
cent example of this type of measurement is the double-
diﬀerential three-jet cross section spectra [19] obtained
by the ATLAS collaboration with pp collisions at
√
s =
7 TeV. Jets are measured with radius R=0.4 and R=0.6.
The three-jet spectra are shown for R=0.4 in ﬁgure 2
as a function of the three-jet invariant mass (mj j j) and
of the sum of the absolute rapidity separations between
the three leading jets (|Y∗|). Invariant masses up to 5
TeV are reached for 8 < |Y∗| < 10. The theoreti-
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Figure 3: Ratio of NLO QCD predictions, obtained with NLO-
JET++ with diﬀerent PDF sets (CT10, MSTW2008, HERA-
PDF1.5) and corrected for non-perturbative eﬀects, to data as
a function of mj j j and binned in |Y∗| obtained by ATLAS [19].
The ratios are shown for jets reconstructed with the anti-kt al-
gorithm with R=0.4 (3(a)) and R=0.6 (3(b)). The thick line
shows the central value and the thin lines represent the total
theory uncertainty.
cal predictions are obtained at NLO QCD with NLO-
JET++ convoluted with the CT10 PDF set. Correc-
tions are applied to take into account the hadronisation
and the underlying event activity. The renormalisation
and factorisation scales are set equal to the mass of the
three-jet system. The NLO predictions with the CT10
PDF correctly describe the three-jet double diﬀerential
spectra that spans over almost seven orders of magni-
tude. NLO predictions are also obtained for the HER-
APDF1.5, MSTW2008, NNPDF2.3 [20], GJR08 [21],
ABM11 PDF sets. A good agreement is observed with
all the PDF sets with the only exception of the predic-
tion based on the ABM11 set that exhibits a tension
with data in almost the whole kinematic region. The
ratios of NLO QCD predictions obtained with diﬀerent
PDF sets, to data as a function of mj j j, binned in |Y∗|
are shown in ﬁgures 3(a). Only the comparison with
CT10, MSTW2008 and HERAPDF1.5 are shown, the
complete set of ratios can be found in Reference [19].
The data to theoretical predictions ratio for R=0.6p are
shown in ﬁgure 3(b). While NLO predictions correctly
describe the data for a jet radius R=0.4 at R=0.6 the pre-
dictions underestimate the data by approximately 15%.
The result is independent of the PDF set, therefore is
not due to assumptions made in diﬀerent PDF determi-
nations.
The eﬀect of the choice of the jet radius on the cross
section measurement is reported by the CMS collabo-
ration [22]. In this study the ratio R(0.5, 0.7) deﬁned
as: (
dσ0.5
dpT
− dσ
0.7
dpT
) /(
dσ0.7
dpT
)
= R(0.5, 0.7) − 1. (1)
has been measured as a function of the jet pT. This
variable is sensitive to perturbative radiation, hadronisa-
tion eﬀects and underlying event activity. The variable
R(0.5, 0.7) is shown in ﬁgure 4 for six bins of rapidity
as a function of the jet pT. The jet radius ratio does
not exhibit a signiﬁcant rapidity dependence. The ra-
tio rises toward unity with increasing pT. In ﬁgure 4(a)
the data are compared to various predictions to inves-
tigate the eﬀect of diﬀerent perturbative orders and of
non-perturbative eﬀects. The NLO predictions are ob-
tained using the technique discussed in Reference [23].
The diﬀerent curves show how NP eﬀects are signiﬁ-
cant for pT< 1 TeV. However, even including NP ef-
fects, the ﬁxed order NLO predictions tend to overes-
timate R(0.5, 0.7) in most kinematic regions. A better
description is obtained when using predictions obtained
with POWHEG [24] interfaced to PYTHIA6 [25] (ﬁg-
ure 4(a)). In this case the combination of NLO pre-
dictions interfaced to parton shower Monte Carlo (MC)
better model the data.
4. Recent advances in PDF determination
The PDF uncertainty is often one of the largest contri-
bution to the theoretical precision of hadron production
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Figure 4: Cross section ratio R(0.5, 0.7) (see text for the def-
inition) in six rapidity bins as a function of jet pT. In ﬁg-
ure 4(a) data are compared to LO and NLO prediction with
and without non perturbative (NP) corrections applied. In ﬁg-
ure 4(b) data are compared to diﬀerent predictions. The er-
ror bars on the data points represent the statistical and the un-
correlated systematic uncertainty added in quadrature, and the
shaded bands represent the correlated systematic uncertainty.
The NLO calculations are provided by G.Soyez [23].
processes. Recently the H1 and ZEUS collaborations
produced new NLO and NNLO PDF sets named HER-
APDF2.0 [26]. These new sets are based on neutral and
charged current e±p inclusive cross sections obtained
from the full HERAI and HERAII datasets. The larger
HERAII data set allows a signiﬁcant improvement in
the precision of the cross section measurements at high
x and Q2. A comparison of the new HERAPDF2.0 set
with the HERAPDF1.5 set is shown in ﬁgure 5. While
the shapes for the two sets are similar, the new gluon
and sea PDF have smaller uncertainties both at low and
high x. The new valence quark PDF also shows a re-
duced uncertainty at high x. The available PDF sets do
not cover the full phase space available at LHC there-
Figure 5: HERAPDF2.0 (NNLO) parton distribution functions
for xuv, xdv, xS = 2x(U+D), xg at the scale μ2f = 10 GeV
2, for
the Q2min = 3.5 GeV
2 ﬁt compared to HERAPDF1.5 (NNLO)
on log (a) and linear (b) scales. The bands represent the total
uncertainties.
fore predictions, in the LHC phase space, are based on
extrapolations that are aﬀected by large uncertainties. A
typical example is the large spread of the gluon PDF val-
ues predicted by diﬀerent PDF sets (ﬁgure 6), not cov-
ered by the PDF uncertainty, in many kinematic regions.
This situation can be improved by adding information
from the LHC measurements for the PDF determina-
tion. A recent example [28] is the use of CMS inclusive
Figure 6: Ratios of gluon parton distribution functions to CT10
PDF [27].
jet cross section measurement at
√
s = 7 TeV [29] to
the data used to determine the HERAPDF1.0 PDF set.
This study is done using the HERAFitter [27] frame-
work. The gluon PDF determined with this additional
data (ﬁgure 7) is slightly harder than the gluon PDF ob-
tained from deep inelastic scattering data only. More-
over the fractional uncertainty on the gluon PDF is sig-
niﬁcantly reduced at x > 0.01. Part of the fractional
uncertainty reduction is however due to the higher PDF
(b)(a)
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values. The precision of the measurement at low x
is systematically limited since it is dominated by low
pT jets aﬀected by a large energy scale uncertainty.
Figure 7: Gluon PDF as a function of x as derived from HERA
inclusive DIS data alone (hatched blue) and in combination
with CMS inclusive jet data from 2011 (light blue) [28]. The
PDF are shown at the starting scale of Q2 = 1.9 GeV2. Only
the total uncertainty of the PDF is shown.
5. Recent updates on the determination of the strong
coupling constant at hadron colliders
Beside the quark masses, the only other free pa-
rameter in the QCD Lagrangian is the strong coupling
constant αS which is a quantity that enters in theoret-
ical predictions in the context of perturbation theory.
The world average value of αS(MZ), obtained from (at
least) NNLO QCD calculations is αS(MZ) = 0.1185 ±
0.0005 [30] and reaches a precision of better than 1%.
This value is dominated by measurements based on lat-
tice QCD calculations. A compilation of the most re-
cent αS(MZ) measurements obtained at hadron collid-
ers is shown in ﬁgure 8. The latest determination of
αS(MZ) obtained with LHC data has been derived by
CMS using the inclusive jet cross section measured at√
s = 7 TeV [28]. The αS(MZ) value obtained with
CT10-NLO PDF is:
αS(MZ) =0.1185 ± 0.0019 (exp.) ± 0.0028 (PDF)
± 0.0008 (NP) +0.0055−0.0022 (scale).
The overall precision is about 5% with the largest con-
tribution to the uncertainty given by the neglected per-
turbative orders.
The H1 collaboration has also recently published an
analysis to extract αS(MZ) from inclusive and multi-jet
cross sections. The best precision is reached from the ﬁt
to normalized multi-jet cross sections and is [31]:
αS(MZ) = 0.1165 ± 0.0008 (exp.) ± 0.0038 (PDF, theo)
The precision of the measurement is limited by the the-
oretical uncertainties but it is interesting to note that the
experimental precision is 0.7%.
Figure 8: Compilation of recent αS(MZ) measurements ob-
tained at hadron colliders [32]. The world average value is
also indicated. The CMS value illustrated in this paper is the
one just above the world average value while the H1 value is
the fourth from the top.
All αS(MZ) values obtained from hadron collider data
are consistent with the world average (ﬁgure 8 ) how-
ever they are aﬀected by quite large uncertainties. The
very interesting information obtained from hadron col-
lider data is the measurement of the αS energy depen-
dence. Thanks to the results collected at the Tevatron
and LHC, the αS(Q) measurement is extended up to
few TeV as is shown in ﬁgure 9. The distribution is in
full agreement with the QCD prediction of Asymptotic
Freedom.
6. Boson production
The measurement of vector boson production in as-
sociation with jets allows QCD predictions to be tested
with the additional feature of a clean uncolored probe
that emerges from the parton-parton scattering. This
measurement is also sensitive to quark PDF. Moreover,
as stated above, often these processes are sizable back-
grounds to searches or to precision measurements and it
is therefore important to understand the level at which
they are predictable.
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Figure 9: Measurement of the αs energy dependence as ob-
tained from hadron collider measurements [32].
6.1. Photon production
The measurement of the diﬀerential distributions of
prompt isolated photons has been obtained from
√
s =
7 TeV pp collisions collected with the ATLAS detec-
tor. This measurement [33] tests the diﬀerent produc-
tion mechanism of prompt photons: Compton, annihi-
lation and fragmentation. The predicted fractional con-
tribution depends both on the center of mass energy
of the pp (pp) collisions and on the photon transverse
energy (EγT). The cross section as a function of E
γ
T is
shown in ﬁgure 10(a). It extends up to EγT=1 TeV and
changes by more than ﬁve orders of magnitude. The
data are well described by the NLO predictions obtained
with JETPHOX [34] and using the CT10 PDF set. The
predictions of the LO parton-shower MC generators,
PYTHIA6 and HERWIG [35], are also shown. The
PYTHIA6 model describes the data fairly well, while
HERWIG falls below the data by 10%-20%. The shapes
of the cross sections are well described by both models.
The data are also compared to MC predictions that in-
clude only direct photons from qg→ qγ and qq→ gγ
processes calculated at LO QCD. Figure 10(b) shows
that in this case the prediction at low EγT is about 20%
lower than data. The correct inclusion of fragmentation
processes is therefore fundamental to correctly predict
the shape of the spectra.
The ﬁrst measurement [36] of photon production at√
s =8 TeV has been obtained by CMS and it is shown
in ﬁgure 11. The large data set allows to halve the statis-
tical uncertainty. Data are compared to LO predictions
and, as expected, fail to describe the spectra. Work is
on-going to obtain a comparison with NLO predictions.
The D0 collaboration has recently published the mea-
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Figure 10: (a) Measured and predicted inclusive prompt pho-
ton cross section as a function EγT with the ATLAS detector at√
s = 7 TeV [33]. The inner error bars on the data points show
statistical uncertainties, while the full error bars show statisti-
cal and systematic uncertainties added in quadrature. The bot-
tom panel shows the corresponding theory/data ratio, in which
the data points are centered at one. (b) Same data as in (a) but
the comparison is made with MC predictions that include only
direct photons from the hard processes.
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surement of the production of photons in association
with one or two b-jets [37]. This study is interesting not
only as a QCD test but also because it can give access
to the b-quark PDF. In this case jets are reconstructed
with the Run II cone algorithm [38] with cone radius
R = 0.5. The diﬀerential cross section of photons pro-
duced in association with two b-jets as a function of the
photon transverse energy is show in Figure 12. Both the
NLO QCD calculation and the prediction obtained with
the kT-factorisation [39] approach are in agreement with
the data. On the contrary SHERPA [40] and PYTHIA6
fails, at diﬀerent levels, to describe the whole distribu-
tion.
6.2. W and Z boson production in association with light
ﬂavor jets
The large sample of pp collisions collected by AT-
LAS and CMS at
√
s =7 TeV has allowed a very
detailed investigation of the production of the W and
Z boson in association with jets. In particular both
CMS and ATLAS have recently reported a very detailed
study of the W+jet diﬀerential cross sections for dif-
ferent jet multiplicities and as a function of many vari-
able [41, 42]. For instance the diﬀerential cross sec-
tions are measured as a function of the sum of the trans-
verse momentum of the jets, of the jet angular sepa-
ration, of the invariant mass of the two jets with the
highest transverse momenta and of the sum of the trans-
verse momenta of the jets, lepton and neutrino. Dif-
ferential cross sections for jet multiplicity up to ﬁve
jets are also studied. The measurements are compared
to NLO pQCD calculations, resummation calculations
and to predictions from diﬀerent Monte Carlo genera-
tors implementing NLO and LO matrix elements sup-
plemented by parton showers. As illustration of these
studies the cross sections of the W boson in associa-
tion with jets as a function of the jets multiplicity, as
obtained by ATLAS and CMS are shown in ﬁgures 13
and 14 respectively. The data are well reproduced by
the diﬀerent predictions over ﬁve orders of magnitude.
The overall conclusion that can be drawn by these de-
tailed study is that the best description of the cross sec-
tions is given by NLO predictions interfaced to parton
showers such as BLACKHAT+SHERPA with some ex-
ception for variables such as the scalar sum of the pT of
all identiﬁed jets or all identiﬁed objects.
Recently the double diﬀerential cross section of the pro-
duction of the Z boson in association with jets has been
measured in pp collisions at
√
s =8 TeV with the CMS
detector [50]. The cross section is measured as a func-
tion of the leading jet transverse momentum and rapid-
ity. Jets are measured for transverse momenta ranging
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Figure 12: The γ+2 b-jet diﬀerential production cross sections
as a function of EγT obtained from pp collisions with the D0
detector [37]. The uncertainties on the data points include sta-
tistical and systematic contributions. The measurements are
compared to the NLO QCD calculations using the CTEQ6.6M
PDFs (solid line). The predictions from SHERPA, PYTHIA6
and the kT factorisation approach are also shown.
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Figure 13: W+jets cross section as a function of the inclusive
jet multiplicity obtained by ATLAS [41]. For the data, the sta-
tistical uncertainties are shown by the vertical bars, and the
combined statistical and systematic uncertainties are shown
by the black-hashed regions. The data are compared to pre-
dictions from BLACKHAT+SHERPA [43, 44, 45], HEJ [46],
ALPGEN [47], SHERPA [40] and MEPS@NLO [48]. The
left-hand ﬁgure shows the diﬀerential cross sections and the
right-hand ﬁgure shows the ratios of the predictions to the
data.
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predictions of MADGRAPH [49] + PYTHIA, SHERPA, and
BLACKHAT+ SHERPA. Black circular markers with the grey
hatched band represent the data measurement and their uncer-
tainty. Overlaid are the predictions together with their sta-
tistical uncertainties. The lower plots show the ratio of each
prediction to the unfolded data.
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Figure 15: Double diﬀerential cross section versus leading
jet transverse momentum for various rapidity bins in the di-
muon channel measured by CMS in pp collisions at
√
s = 8
TeV [50]. Data points are shown with statistical error bars.
The black lines indicate MADGRAPH predictions normalized
to the inclusive NNLO cross-section. The SHERPA predic-
tions are shown as blue bands, whose thickness indicates the
statistical uncertainty.
from 40 to 550 GeV and for rapidity up to |4.7|. Theo-
retical predictions are obtained both with SHERPA and
MADGRAPH interfaced to PYTHIA6 normalized to
the NNLO cross section. The double diﬀerential cross
section is shown in ﬁgure 15. The MADGRAPH pre-
dictions tend to overestimate the data at pT > 100 GeV
roughly independently of the jet rapidity. An overall
agreement is seen between SHERPA predictions and the
data with the exception of some rapidity and pT regions
that need a further investigation.
6.3. W and Z boson production in association with
heavy ﬂavor jets
The diﬀerential and total production cross sections of
the W boson in association with a charm quark have
been recently studied in pp collision at
√
s = 7 TeV
by ATLAS [51] and CMS [52]. The W+c production
at LO proceeds mainly through the gs→Wc diagram,
while the similar diagram gd→Wc is Cabibbo sup-
pressed and contributes only about 10%. This process
is therefore sensitive to the s-quark PDF. The amount
of s- quark suppression with respect of the light-quark
sea varies in diﬀerent PDF depending on the choice of
the data set used to obtain the PDF itself. A quite large
spread among s-quark PDF sets is observed as shown in
ﬁgure 16. A comparison of the W+c production cross
section obtained by ATLAS and CMS with various PDF
sets is shown in ﬁgure 17. Considering the large exper-
imental and theoretical uncertainties the measurement
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Figure 16: Ratio of various strange-quark PDF sets to the
MSTW 2008 strange PDF [53, 54]
are all in agreement with predictions however a small
tension is observed between the ATLAS and CMS re-
sults. In fact ATLAS data, contrary to CMS data, seems
to favor the s-quark PDF where the s-sea is not sup-
pressed with respect to the light-quark sea (ATLAS-
epWZ12 [55] and NNPDF2.3coll [20]). Reduced the-
oretical and experimental uncertainties are needed for a
more deﬁnite statement on this point.
The CDF collaboration also presented new results on
the associated production of W bosons and charm [58]
in pp collisions at
√
s = 1.96 TeV. The production ratio
σ(W + D∗)/σ(W) has been measured in the W leptonic
decay channel using full D∗ reconstruction as a function
of the pT(D∗). The measurement, shown in ﬁgure 18,
extends down to pT(D∗) = 3 GeV. The data are well de-
scribed by the prediction obtained with PYTHIA6 inter-
faced to CTEQ5L PDF set. The measurement is statis-
tically limited.
Another interesting result that has recently become
available is the study of the diﬀerential Z+b-jet cross-
section obtained from the ATLAS collaboration in pp
collisions at
√
s = 7 TeV [59]. A detailed study of Z +1
b-jet and Z + 2 b-jets topologies is obtained and com-
pared to theoretical pQCD calculations. NLO predic-
tions obtained withMCFM and aMC@NLO provide the
best overall description of the data. This process is also
interesting since it can discriminate between the four-
ﬂavour number scheme (4FNS), which only considers
parton densities from gluons and the ﬁrst two quark
generations in the proton and the ﬁve-ﬂavour number
scheme (5FNS), which allows a b-quark density in the
initial state. In a calculation to all orders, the 4FNS
and 5FNS methods must give identical results; how-
ever, at a given order, diﬀerences can occur between the
schemes [60].
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Figure 17: (a) Measured W+c ﬁducial cross section [51] ob-
tained from the ATLAS experiment compared to various PDF
predictions based on aMC@NLO [56]. (b) Measured W+c
cross section [52] obtained from the CMS experiment com-
pared to various PDF predictions based on MCFM [57].
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Figure 18: The ratio of σ(W + D∗)/σ(W) as a function of pTfor
electron and muon channel. The ratio of the simulated distri-
bution to data is shown in the lower panels.
Recently, a full particle-level prediction at NLO in
the 4FNS with matched parton shower [60] has become
available, and can be extended to a 5FNS prediction as
well. The diﬀerences in between these calculations give
a range of theoretical predictions for the total Z + 1 b-
jet and Z + 2 b-jet cross sections that are compared with
data in ﬁgure 19. NLO predictions from MCFM and
aMC@NLO generally provide the best overall descrip-
tion of the data. The aMC@NLO prediction with data
diﬀers in the Z + 1 b-jet and Z + 2 b-jets cases. The for-
mer is better described by the 5FNS prediction while the
latter is better described by the 4FNS prediction. The
predictions, even at NLO, are dominated by the scale
uncertainty therefore more conclusive statements need
predictions at higher orders.
7. Total proton-proton cross section measurement at√
s = 7 TeV
The measurement of the total pp cross section has
been recently obtained by the ATLAS collaboration us-
ing the ALFA sub detector [61]. The measurement is
based on the classic method that uses the optical theo-
rem and the elastic scattering in the forward direction to
calculate the total cross section. An independent mea-
(a)
(b)
Figure 19: Total ﬁducial cross-sections for (a) Z + 1 b-jet,
and (b) Z + 2 b-jets obtained pp collisions at
√
s = 7 TeV
with the ATLAS detector [59]. Data are compared is to NLO
predictions from MCFM interfaced to diﬀerent PDF sets and
aMC@NLO interfaced MSTW 2008 set in both the 4FNS and
5FNS. Comparisons are also made to LO multi-legged.
surement of the luminosity is needed and this is accom-
plished with Van Der Meer scans. The analysis allows
to obtain the total and elastic cross sections and from
these ones, by subtraction, the inelastic cross section.
The cross sections are:
σtot(pp→ X) = 95.35 ± 1.36 mb
σel(pp→ pp) = 24.00 ± 0.60 mb
σinel(pp→ pp) = 71.34 ± 0.90 mb
The measured total pp cross section is compared in ﬁg-
ure 20 to results obtained from the TOTEM experiment,
low energy experiments and cosmic ray experiments
(see [61] and references therein).
8. Summary
The data available from HERA, Tevatron and LHC
allow to test the pQCD predictions in a new kinematic
C. Roda / Nuclear and Particle Physics Proceedings 273–275 (2016) 60–71 69
 [GeV]s
10 210 310 410
 [m
b]
σ
0
20
40
60
80
100
120
140
totσ
elσ
ATLAS
TOTEM
ppLower energy 
ppLower energy and cosmic ray 
Cosmic rays
COMPETE RRpl2u
)s(2) + 1.42lns13.1 - 1.88ln(
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tained from ATLAS and from other experiments (see [61] and
references therein) overlaid with model predictions as a func-
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region and with exclusive and inclusive measurements.
For many processes diﬀerential or double diﬀerential
measurements are obtained. Both on the experimen-
tal and theoretical side many advances were made. In
many measurements an experimental uncertainty at the
same level, or better, than the theoretical uncertainty
is reached and new tools for predictions have become
available. These tools provide a reliable and improved
description of data for most of the measurements and
at the same time they oﬀer increased ﬂexibility. The
LHC data proved the αS running up to TeV scale and
many measurements have reached the precision needed
to contribute to the PDF extraction. The solid ground
provided by all these tests constitute the starting point
for further investigations at even higher energy with the
soon coming
√
s = 13 TeV LHC data.
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